Abstract Although much of the energy gained by the climate system over the last century has been stored in the oceans, continental energy storage remains important to estimate the Earth's energy imbalance and also because crucial positive climate feedback processes such as soil carbon and permafrost stability depend on continental energy storage. Here for the first time, 32 general circulation model simulations from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) are examined to assess their ability to characterize the continental energy storage. Results display a consistently lower magnitude of continental energy storage in CMIP5 simulations than the estimates from geothermal data. A large range in heat storage is present across the model ensemble, which is largely explained by the substantial differences in the bottom boundary depths used in each land surface component.
Introduction
The ocean heat storage component of the Earth's energy budget for the second half of the 20 th century is about 14 ± 2 × 10 22 J [Levitus et al., 2005 [Levitus et al., , 2009 , while the continental subsurface stored 8 ± 1 × 10 21 J during the same period [Beltrami, 2002; Beltrami et al., 2002; Huang, 2006] . Although the magnitude of the continental heat storage is smaller than the uncertainty range of the estimated ocean heat storage component, the heat storage in the continental subsurface is important for determining the distribution of the Earth's energy budget and the magnitude of the Earth's energy imbalance [Hansen et al., 2011] . Additionally, several climate processes with potentially important climate feedback mechanisms take place in the shallow subsurface and their stability and evolution are dependent on the long-term thermal state of the ground. Processes such as the stability of the soil carbon pool [Friedlingstein et al., 2006; Sitch et al., 2008; Arora et al., 2013; Hicks Pries et al., 2016] and the stability of large areas of permafrost [Tarnocai et al., 2009; Koven et al., 2013; Slater and Lawrence, 2013] require robust estimates of continental energy fluxes for proper long-term modeling of their conditions in a future climate.
Because the energy contribution from the Earth's interior to the storage of energy in the continental subsurface can be considered constant on timescales of millions of years or less, changes in the storage of continental heat [Beltrami, 2002; Beltrami et al., 2002; Huang, 2006] due to climate fluctuations are determined by the physics of the energy exchanges at the air-ground interface, that is, the coupling of the lower atmosphere and the subsurface González-Rouco et al., 2009] including the subsurface thermal properties that control heat diffusion underground [e.g., Pollack et al., 2005] . In a coupled general circulation model (GCM), the magnitude of the subsurface heat storage also depends on the depth of the bottom boundary, and a land surface component with a shallow bottom boundary limits the accumulation of heat in the subsurface [Stevens et al., 2007; MacDougall et al., 2010] . For instance, the effect of a shallow bottom boundary on the magnitude of subsurface heat storage has been shown to be more important than the effects of different emission scenarios in a GCM simulation of 21st century climate projections [MacDougall et al., 2008; González-Rouco et al., 2009] . Additionally, deeper land surface components can simulate the soil thermal regimes more realistically, improving the representation of ground surface processes such as permafrost dynamics [Smerdon and Stieglitz, 2006; Alexeev et al., 2007; Lawrence et al., 2008; Nicolsky et al., 2007] . Land surface components usually prescribe zero-flux constraints as a bottom boundary condition for climate simulations, which is an unrealistic flux condition [e.g., Oleson et al., 2010; Roeckner et al., 2003; Dunne et al., 2012] that can affect the simulated ground thermal regime [Weidong et al., 2002] altering related ground temperature processes, such as ground hydrology [Krakauer et al., 2013] , the simulation of basal temperatures for ice sheets [Pollard et al., 2005] , permafrost evolution [Oelke and Zhang, 2004] , and soil respiration [Hicks Pries et al., 2016] .
Here we use simulations from 32 GCMs from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) [Taylor et al., 2011] to carry out the first assessment of heat storage in the continental subsurface as simulated by CMIP5 models. The simulated estimates are compared to observational estimates derived from the global database of terrestrial borehole temperature measurements. We additionally evaluate the extent of heat storage in the CMIP5 models assuming surface temperatures that are propagated into a continental subsurface extending to a depth of 500 m, as opposed to the much shallower depths in the actual land components of the GCMs (less than 50 m). Our analysis demonstrates the importance of the bottom boundary depth in the context of continental energy storage in GCM simulations and further provides a framework for understanding possible sources of variability in the simulation of subsurface energy content.
Data and Methodology

Model Data
We use the first ensemble member from the Historical simulations and multiple Representative Concentration Pathway (RCP) experiments performed with 32 CMIP5 GCMs (see Table 1 ) to assess the ability of these experiments and their respective land surface models to reproduce the magnitude of the continental heat storage as estimated from borehole temperature measurements. The Historical experiment [van der Werf et al., 2006; Schultz et al., 2008; Mieville et al., 2010] is forced by observed atmospheric composition changes (natural and anthropogenic) and includes a time-dependent land cover representation [Hurtt et al., 2011] . Additionally, some models (e.g., CANESM2 or GFDL-ESM2M) include dynamic vegetation to achieve a transient representation of the vegetation effect on the global climate. The RCP experiments [van Vuuren et al., 2011b; Meinshausen et al., 2011] are forced by greenhouse gas concentrations estimated from a range of emission and mitigation scenarios. RCPs take into account a series of socioeconomic changes and their impacts on emissions such as population growth or technological development from 2005 to 2100 and beyond. Four RCP experiments were used herein: RCP2.6 [van Vuuren et al., 2011a] , RCP4.5 [Thomson et al., 2011] , RCP6.0 [Masui et al., 2011] , and RCP8.5 [Riahi et al., 2011] . We also use five of the available simulations for the Past1000 experiment [Schmidt et al., 2012; Braconnot et al., 2012] from the Paleoclimate Modeling Intercomparison Project Phase 3 (PMIP3), all of which are forced by reconstructed time-varying forcings from 850 to 1850 Common Era (C.E.).
Estimating GCM Subsurface Heat Storage
Previous studies have shown large differences in the simulated subsurface thermal regime in permafrost regions among the CMIP5 simulations, revealing the difficulties of the CMIP5 GCMs to simulate permafrost soils [Koven et al., 2013; Slater and Lawrence, 2013] . We therefore limit calculations of the continental heat storage in each GCM simulation to the region between 60 ∘ N and 60 ∘ S, thus avoiding the high latitudes. The estimated continental heat storage from each GCM is then compared with the area-weighted estimates of heat storage in the continental landmasses obtained from a database of several hundred borehole temperature profiles distributed among six continents. These latter estimates range from 7 × 10 21 J to 9 × 10 21 J Beltrami, 2002; Huang, 2006] for all the continents except Antarctica from 1950 to 2000 C.E. If the observation-based results are restricted to the same 60 ∘ N-60 ∘ S domain adopted for the models, the area-weighted estimates range from 6 × 10 21 J to 8 × 10 21 J during the second half of the twentieth century.
Previous work [DeGaetano et al., 1996; Stevens et al., 2007] has estimated the heat storage from a simulated subsurface temperature anomaly according to
where Q s is the subsurface heat storage, C is the volumetric heat capacity of the ground, T(z) is the subsurface temperature anomaly as a function of depth, and z is the depth. The heat capacity is considered constant at all depths in equation (1). The CMIP5 land surface models (LSMs) nevertheless estimate the heat capacity from a series of parameters dependent on time, depth, and geographic location. The heat integral therefore must a Each model is described by its land surface model, number of soil layers, bottom boundary placement (last node depth and last layer depth, in m) as well as the reference of its land surface model. All the land surface models use a zero-flux boundary condition at the bottom of the soil column.
be discretized for each grid cell following
where Q s is the subsurface heat storage (J), A is the area of the grid cell (m 2 ), and C i , T i , and Δz i are the volumetric heat capacity (Jm −3 K −1 ), the ground temperature (K), and the thickness (m) of the layer i, respectively. The direct application of equation (2) to each temperature profile is referred to as the LSM integration herein.
The volumetric heat capacity was estimated for each model following the theory of van Wijk et al. [1963] and the Community Land Model version 4 (CLM4) technical report [Oleson et al., 2010] . We use this documentation because of its detailed description of thermal diffusion within a land surface model. The heat capacity depends on the type of soil, water, ice, and organic matter content at each grid cell and soil layer. Since the CMIP5 archive does not provide the composition of the soil layers in the simulations, the type of soil in each grid cell, i.e., the percentage of sand and clay, was obtained from the ECOCLIMAP project [Champeaux et al., 2005] , an independent global database employed to initialize meteorological and climate models. Although it is probable that each CMIP5 simulation uses its own composition of sand and clay, the ECOCLIMAP database allows us to homogenize the estimates of continental heat storage among the 32 different CMIP5 GCMs. The organic matter fraction (f om ), defined as the ratio of the organic matter content at one soil layer to the maximum organic matter content that can be stored in one soil layer, was set as a parameter from the ground surface down to the depth of bedrock. Bedrock was imposed at 3.8 m depth for all the models that do not prescribe it to be consistent with the land surface model CLM4. Water and ice distributions in models without bedrock are unaltered. Thermal properties for bedrock are those from the CLM4 technical report. These arbitrary assumptions for the subsurface composition for each of the models were made because the CMIP5 archive does not provide these composition and thermal characteristics for each model. Our approach therefore homogenizes the estimates of heat storage in the continental subsurface among models, while adopting reasonable estimates for the physical quantities employed. Additionally, we derived estimates of the subsurface heat storage using only sand and clay compositions. Both soil configurations yielded similar results (not shown), thus we prescribed sand, clay and bedrock compositions in the estimates of continental heat storage presented in the Results and Discussion section to be consistent with the CLM4 documentation. Another approximation is related to the subsurface hydrology. The CMIP5 LSMs provide the water and ice content as a combined variable, which makes it impossible to separate the amount of water and ice in each soil layer. The ice content was thus considered as water content in this study. This approximation overestimates the volumetric heat capacity because of the larger specific heat capacity of the water (c water ∕c ice ≈ 2). However, the effect of this approximation is considered negligible because our spatial domain avoids the majority of permafrost regions and therefore the majority of zones with perennial ground ice.
A forward model is used to assess how the depth of the bottom boundary condition in the land surface component of each GCM impacts estimates of the continental heat storage. The forward model is a purely conductive model for a semi-infinite and homogeneous half-space forced at the surface by a time-varying surface temperature function [Carslaw and Jaeger, 1959; Lesperance et al., 2010] . The forward model generates a subsurface temperature anomaly profile and is driven by the 1861-2000 surface air temperature (SAT) anomalies from each GCM simulation with initial conditions such that the temperature anomaly throughout the slab is 0 K. The resulting subsurface temperature profiles allow us to compare the effect of each GCM's simulated SAT on an identical subsurface volume, as well as provide estimates of the potential heat storage that GCMs could accumulate with a deeper bottom boundary. To complement the SAT-driven experiments, the forward model was also driven by the subsurface temperature anomaly at the bottom layer of each LSM, again to a depth of 500 m. The continental heat estimates from this extrapolation are then added to the result of the LSM integration, obtaining an additional estimate of the continental heat storage for the GCMs with an expanded bottom boundary. While this is an illustrative calculation, the estimate cannot substitute a climate simulation performed with a land surface model that explicitly employs a bottom boundary depth of 500 m because the bottom boundary can impact the thermal evolution of the subsurface above the depth of the boundary condition [Smerdon and Stieglitz, 2006 ]. An off-line simulation therefore only propagates the thermal state of the bottom boundary deeper into the subsurface, but it does not correctly incorporate the coupled impacts of near-surface soil processes that are unaffected by the location of a shallow bottom boundary.
Results and Discussion
The temporal evolution of the global multimodel mean soil temperature anomalies at a depth of 1.0 m for the Historical and RCP simulations (Figure 1a ) are similar to the familiar trajectories of SAT for those simulations [Hartmann et al., 2013] . This is also the case for the simulations extended for the past millennium (inset Figure 1a) , suggesting a strong warming in the subsurface due to a changing climate forced by projected increases in CO 2 emissions relative to the historical and last millennium simulations. Nevertheless, the intermodel variability for the temporal evolution of these variables is large and depends on the RCP scenario. Globally, the largest warming and intermodel variability (2 ensemble spread) are projected for the high latitudes of the northern hemisphere (Figures 1b and 1c) where simulated ground surface temperatures (GSTs) differ due to the presence of permafrost and associated active layer processes [Koven et al., 2013; Slater and Lawrence, 2013] . Figure S1 ). The number of models used in the calculations is indicated in parenthesis.
Because the heat is estimated from the integration of the subsurface temperature profiles, the warming of the GSTs and subsequent propagation of the warming into the subsurface during the second half of the twentieth century should generate a net gain of heat in the continental subsurface in both the simulations and observed estimates from borehole profiles. The integration of the simulated subsurface temperatures (equation (2)) from the 32 CMIP5 GCMs, however, yields a smaller estimate of the continental heat storage on average (Figures 2a, red bars and 2b , crosses) between 1950 and 2000 than that inferred from geothermal data [Beltrami, 2002; Beltrami et al., 2002] and, indirectly, from meteorological data [Huang, 2006] . Additionally, six of the models yield negative values for the subsurface heat storage, indicating a continental energy loss for the same time period. These results are unsupported by geothermal data. The multimodel mean and ensemble spread (2 ) are 1 ± 5 × 10 21 J, while the geothermal range is ∼ 7 ± 1 × 10 21 J. One explanation for (2)). Squares represent continental heat storage using the forward model and SAT anomaly relative to 1861-2000 as upper forcing and bottom boundary depth at 500 m. The heat storage was estimated taking into account the estimated volumetric heat capacity for each model and considering C = 3.0 × 10 6 Jm −3 K −1 beyond the bottom boundary depth. Triangles represent the estimated heat storage from the forward model of subsurface temperatures to 500 m plus the estimated heat storage from the direct integration of each model (crosses). Grey band in both panels represent the range of continental heat storage from borehole temperature data scaled to the domain considered here (7 ± 1 × 10 21 J) [Beltrami, 2002; Beltrami et al., 2002] . Models are listed from the deepest to the shallowest bottom boundary depth.
the discrepancy between the estimated continental heat gain and the modeled heat gains is the depth to which the continental subsurface is modeled in the GCMs [Stevens et al., 2007; MacDougall et al., 2008 MacDougall et al., , 2010 . The shallow depth of the bottom boundaries in most models places a physical limit on the volume of the continental subsurface that is available for storing heat.
In order to test the impact of the bottom boundary depth in the CMIP5 land surface models, we use the forward model to simulate the subsurface temperature evolution using changes in SAT and GST from the GCM simulations and allowing heat to diffuse to a depth of 500 m. The magnitude of the continental energy storage obtained in this fashion (Figure 2a , black bars and blue bars) is in better agreement with those estimates from geothermal data for the same time period (6 ± 6 × 10 21 J). This improvement on the estimates of continental heat storage from CMIP5 GCM simulations reinforces the idea that the limitation of the available continental volume to store energy, imposed by the shallow depth of the CMIP5 land surface components, is the main physical reason for the differences between CMIP5 simulations and geothermal estimates as discussed above.
For completeness, the continental heat storage was also estimated for a range of soil organic matter fractions (f om ) (Figure 2b ), reaching similar results for all f om values from f om = 0 to f om = 1. Higher values of f om lead to lower values of continental heat storage, but the difference between using f om = 0 or f om = 1 is not a determinant factor and does not improve the discrepancies between the estimated continental heat storage from the CMIP5 simulations and the geophysical estimates.
The restriction placed by the depth of the bottom boundary on the available volume for subsurface heat storage also implies a constraint on the temporal interval of the evolution of the surface energy imbalance that is predominantly recorded in the subsurface. That is, the ground loses the signal or "memory" of the climate system changes over different times depending on the lower boundary depth-in the case of CMIP5 simulations with CLM4, this time is no longer than a few decades [see Stevens et al., 2007; Smerdon and Stieglitz, 2006] (Figure 3) . To assess the effect of the limited depth of the land surface component on the heat content, we used the forward model forced by (1) a synthetic 1 K step change in ground surface temperature (GST) occurring from one to fifty years before present and (2) a time-varying upper boundary condition from a simulation of global and continental SAT anomalies from one of the CMIP5 GCMs that is selected as an arbitrary example, namely, the Centro Euro-Mediterraneo sui Cambiamenti Climatici-Climate Model (CMCC-CM).
As expected, the depth reached by the temperature variation increases with time. The synthetic temperature variation (Figure 3 , black lines) reaches 130 m after 50 years using the typical measurement error in borehole temperature profiles (20 mK) as the criterion of convergence. The thermal effect reaches 117 m in the same period using the skin depth (e −1 K) as the criterion of convergence [Stevens et al., 2007] . Therefore, none of the 32 CMIP5 GCMs has a land component deep enough to record the temperature profile produced by 50 years of the synthetic experiment. Perhaps more realistically, the results of the global and the continental SAT anomalies from the CMCC-CM (Figure 3 , blue and red lines) suggest that only the models with a bottom boundary deeper than 34 m may record the surface temperature variations and their contributions to the subsurface thermal regime between 1950 and 2000, according to both depth criteria. Considering these results, all GCMs using the CLM4 as their land surface component (and the associated bottom boundary depth) should be able to reproduce a continental heat content close to the estimate obtained from geothermal data. However, our results show that only the Community Earth System Model version one-Whole Atmosphere Community Climate Model (CESM1-WACCM) yields subsurface heat content within the range of those obtained from data (Figures 2a and 2b) , despite there being other models that are deeper than 40 m (see Table 1 ). This discrepancy may be the result of the differences in the parameterization of the energy exchange processes at the air-ground interface and the coupling between each atmospheric model and the CLM4 land surface component, as well as the different sensitivities (equilibrium climate sensitivity and transient climate response) of each GCM to the external forcing [Andrews et al., 2012; Forster et al., 2013] . It is also possible that the maximum depth reached by the surface air temperature variations for this 50 year period is larger than the CLM4 bottom boundary depth, thus losing some thermal information.
Although the effect of the shallow bottom boundary placement and the SAT of each GCM simulation can offer an explanation for the discrepancies between GCM estimates of continental heat storage and those retrieved from borehole temperature data in the period 1950-2000, the negative magnitude of subsurface heat storage estimated for both Meteorological Research Institute (MRI) models cannot be explained by the above arguments. For both of these models, the water and ice content in the ground (mrso variable in the CMIP5 archive) presents a marked negative trend for the Historical experiment, which affects our continental energy storage estimates. However, both MRI GCMs simulate a subsurface temperature increase for the same experiment, suggesting a decoupling between the simulation of heat diffusion and surface and subsurface hydrology. Indeed, if we ignore the hydrology and the associated removal of energy from the subsurface by runoff and infiltration, then both MRI GCMs yield positive continental energy storage values, indicating that the marked decrease in the ground water content in the MRI simulations is responsible for their negative continental heat storage estimates (Figures 2a and 2b ).
Conclusions
This is the first work to examine ground temperature trajectories and associated estimates of subsurface heat content from the CMIP5 simulation archive. We have found that the temporal evolution of the simulated ground temperature exhibits similar warming trends and temporal variability ranges as that reported for surface air temperature in the Historical and RCP CMIP5 experiments [IPCC, 2013] . This clearly indicates a first order thermal coupling between the lower atmosphere and the ground, in agreement with the analysis of García-García et al. [2016, ERL] for the five CMIP5/PMIP3 last millennium simulations used herein.
The majority of CMIP5 GCMs show a net heat gain in the subsurface for the second half of the twentieth century, as expected due to the warming of the ground surface during this period. However, only one GCM simulation yields a heat storage estimate for the 1950-2000 period that is comparable to the quantity estimated from geothermal data. The multimodel mean and ensemble spread (2 ) in the simulated continental heat storage are 1 ± 5 × 10 21 J, while the geophysical data estimate a value of 7 ± 1 × 10 21 J.
The smaller magnitude of estimated subsurface energy storage from the CMIP5-GCM simulations is mainly due to the limited thermal memory imposed by the depth of the bottom boundary in the land surface components of the CMIP5 GCMs. That is, the thermal contribution from the surface energy imbalance cannot be physically recorded underground for more than 1 or 2 years for 27 of 32 CMIP5 GCMs, due to the fact that the bottom boundary placement in their land surface models is shallower than 16 m. When we allow the propagation of heat to 500 m using the forward model, the magnitude of each model simulation's subsurface heat content are in better agreement with the geothermal measurements. These estimates of continental heat storage nevertheless display a large range of variability. Although the different bottom boundary depths of the GCM land surface components account for most of this variability, further work is needed to address and clarify the effects of other possible sources of variability on the estimates of continental heat storage from GCM simulations. Nevertheless, despite these possible minor sources of variability, the principal disagreement between the GCM and observation-based estimates of heat storage in the continental subsurface reflects the fact that the current generation of GCMs does not represent well the continental component of heat storage in the Earth's energy budget. As a simplistic estimate of the variation in the ground temperature dictated by the lack of subsurface energy in the CMIP5 GCMs, we calculate the mean change of the subsurface temperature for the period 1950-2000 C.E. in our spatial domain from the CESM1-WACCM GCM simulation. This GCM simulation yielded a continental heat storage with similar magnitude to the difference between geothermal estimates and the multimodel mean of subsurface energy change from the CMIP5 ensemble. Such change in subsurface energy storage achieves a temperature increase of 0.67 K at 2.8 m. Although this estimate depends on several factors including the latitude or depth, such mean temperature change is not negligible due to its possible effect on surface and near-surface processes. 
